Abstract
Introduction
In electrical engineering, simulation is an indispensable tool when working with complex systems [3] . Studying electrical systems is relatively simple if their behaviour is being analysed under a permanent regime and they consist of few nodes. However, when the systems are complex and require a qualitative and quantitative analysis of the transitory regimes, the problems become considerably more complex.
This method reduces both time and costs since it eliminates the need to build prototypes of circuits. Computer simulation [1] can be used to design the circuits before building them. This method reduces time and costs as the need to build prototypes of the circuits is avoided. By using computer simulation, not only can an electrical system be designed, but it can also be optimized and its behaviour examined in depth more quickly and cheaply than by using prototypes, tests or analytical studies. Therefore, by being able to see the responses produced as the different parameters are varied, a much deeper understanding of the system under study is reached.
The Bond Graph technique enables systems belonging to the different areas of physics to be modelled in a way that is both intuitive and close to reality [2] . It is a perfect technique for representing elements belonging to the area dealt with in this paper. This paper presents an application by using the Bond Graph technique to simulate an electrical substation.
Elements of an electrical substation
When it comes to analyzing a three-phase electrical circuit, which is what we are dealing with, it may be assumed that the three phases are balanced and therefore behave similarly. For this reason, when simulating an electrical substation, it is possible to work with the single-line circuit of one of the phases where the line and the different elements to be taken into account can be more easily analyzed. Figure 1 shows a typical single-line substation circuit diagram where two active input positions can be seen (lines L1 and L2) and two output positions (lines L3 and L4). Additionally, there is one input and two output positions in reserve.
This diagram shows how the two input positions are connected to a common busbar and the two output positions terminate in another busbar, also common to both of them. This leads to the different input or output branches being placed in parallel and the power transformer being situated between both parts. There is a series of elements that are needed for this type of facility to operate, which are described below. 
Switches
In an electrical system actions need to be carried out to vary its layout or topology. Certain manoeuvres are simply necessary to connect or disconnect loads, others to interrupt the passage of current in the event of failure and others to earth some part of the system [4] .
An automatic switch can establish, support, and interrupt currents under normal circuit conditions, as well as establish, support for a determined period of time and interrupt currents under abnormal specified circuit conditions, such as a short-circuit. In a BondGraph, a resistance port placed in series can be modelled with the rest of the circuit to which the values have to be introduced as a conditioned parameter. If the switch is closed, the resistance value will be zero, while if it is open the value is very high, preventing the passage of flow or current. To open or close a switch, the resistance value can either be based on a function that evolves over time or set to the value that other circuit parameters acquire. In this latter case, relays can be generated to open the switch if a current level is exceeded in some element. Likewise, but making its operation conditional on normal circuit conditions or on abnormal conditions for a determined period of time, a contactor can be modelled. This type of apparatus can support and interrupt currents under normal circuit conditions, including specified in-service overload conditions temporarily, as well as support specified abnormal circuit conditions for a determined period of time, such as short-circuits. This is the case with voltage and intensity transformers that are at the beginning of the L1 and L2 input positions and at the end of the L3 and L4 output positions.
On occasions, for safety reasons a mechanical connection device in an open position must satisfy a cut-off distance that will satisfy the specified conditions. This is the case of the cut-offs placed in the busbars of each input and output position. These types of elements can open and close a circuit when the current to be established or interrupted is negligible or when no appreciable change of voltage in the terminals of each of the cut-off poles is produced. There is a type of cut-off that is used to earth part of a circuit and which can support currents under abnormal conditions for a determined period of time, such as a short-circuit. Modelling the first of the cut-offs in a Bond Graph is the same as for the switch, although its operating conditions must be conditional on the status of the associated switch; the second type of cut-off will be completed by placing a zero effort source in series to simulate the earth. 
Loads
Regarding load modelling, it must be borne in mind that in an electrical node, the current is divided by the cables connected to it, the voltage at all points of the contact being equal. This behaviour is obtained in a Bond Graph with type 0 nodes, where the (current) is equal to the sum of the output flows and the effort of the bonds it joins is the same, while with type 1 nodes the input current is equal to the output current less what is lost in the element, such as happens with elements in series.
In three-phase systems [5] , the loads can be connected either in a triangle or a star, and this in turn, to earth or insulated. In an insulated three-phase star load the resistance and inductance of each phase will be joined by a type 1 node, since the Bond Graph elements are in series, and subsequently the bonds of each of the three phases will be joined by a type 0 node, of common potential representing the neutral of the star. If the neutral is rigidly earthed, the bonds joining it will need to be set to zero potential. This can be achieved with a zero level effort source joined to the 0 node representing the neutral, as shown in figure 4. 
Sources
As with the loads, the effort sources (voltage) represented by the Bond Graph technique are ideal sources and generate a potential difference across the terminals that is constant and independent of the load. Unlike ideal sources the potential difference produced by real sources is dependant on the load to which they are connected. A real voltage source may be considered an ideal voltage source, U, in series with a resistance R g , denominated internal resistance. In order to obtain real sources in a Bond-Graph, a resistance port needs to be added to act as an internal resistance using a node 1, so that it will be in series.
Then, by joining the single-phase effort forces in an appropriate star or triangular layout, three-phase systems can be attained. In the case under study, threephase, star voltage sources can be obtained by connecting the different effort sources in type 1 nodes, and subsequently, all of them in a type 0 node and a zero value effort force that simulates the earth. 
Transformer
The transformer comprises two primary and secondary coils and enables the electric power to be transformed, with specific magnitudes of voltage and intensity, into other usually different voltages. The electromagnetic part of a transformer comprises a magnetic nucleus and windings.
The windings around the nucleus form the primary and secondary coils, with N1 and N2 number of turns respectively. When an alternating current is applied to the primary, an alternating current flows through it, which, in turn, produces an alternating flow in the nucleus whose direction is determined by Ampere's law applied to this coil. Due to the periodical variation of this flow induced electromagnetic forces are created in the coils and this leads to a voltage in the terminals of the secondary coil whose ratio to the primary is: Where the r factor is called the transformation ratio. As commented in previous paragraphs, this suggests using the transformer element in a Bond Graph to model an electrical transformer where the output flow is equal to the input flow multiplied by the ratio of the transformer, and the output effort is the input effort divided by the ratio, the same as happens with intensities and voltages in an ideal transformer. However, real transformers have losses and therefore, the resistance of the coils and the dispersion flows need to be taken into account. This is done with the R 1 and R resistances, for the primary and secondary coils and with the X 1 and X 2 reactances.
By reducing the windings to the same number of turns an equivalent circuit is obtained. However, in practice, and due to the low value of the intensity i 0 equivalent to the current responsible for creating the magnetic flux in the nucleus compared to the currents i 1 and i 2 , an approximate equivalent circuit is usually worked with, which is obtained by grouping the impedances in series. In this way, the resistances and reactances of the short-circuit (X cc y R cc ) are obtained. In this work, a three-phase transformer will be formed by using a single magnetic nucleus incorporating all the windings required. It will comprise three equal columns on which the turns are rolled that make up the primary and secondary coils of each phase. Each column is considered as a singlephase transformer, so that the same analytical techniques as in the single-phase study can be applied.
Depending on the types of winding connections of a transformer (star or triangle), some phase differences may appear between the primary and secondary compound voltages and the concept of phase-lag index appears. On the other hand, the voltages of the windings that are in the same column U AA' and U aa' are in phase, but since there is a mixed connection in the coils Yy, Yd, Dy, the primary and secondary compound voltages will present a phase-lag with one another, which will be a multiple of 30º. The value of this inter-voltage phase-lag will depend on the type of coil and how they are connected.
In our example, a transformer, Yy, has the primary and secondary connected in a star, as the following figure shows. In this type of connection, the phase-lag between the primary and the secondary is 0º, and therefore, can be modelled using three single-phase transformers with no parallel branch, since the effort outputs will be the effort inputs divided by the ratio of the MTF element. Since this value is a scalar, there will be no phase-lag between them, the same as with the flows. 
Opening and closing manoeuvres.
In order to proceed to the electrical substation simulation, it is necessary to draw a simplified threephase diagram showing the different elements dealt with in the preceding paragraphs. The different Bond Graph models analyzed will have to be substituted in order to generate a valid simulation model. Thus, the substation seen in figure 1 will contain a source and a load at each of the input positions, corresponding to some power stations, and a load in the output positions equal to the demand of a city, as can be seen in figures 10 and 11. A usual occurrence in this type of installation is a temporary interruption of the service at any of the input or output positions. For this reason, a series of switches has also been represented corresponding to the cut-offs. Regarding the values taken by way of example, some apparent powers of 4 and 5 GVA have been taken into account in the input positions respectively, and of 60 and 90 MVA in the output positions. 
To see how one position affects another, 4 seg. will be simulated bearing in mind that the line L1 switches are open between t=0.3 sec. and t=1 sec., and those of the L2 line between t=2.3 sec. and t=3 sec., while the remainder will be closed at all times. In this simulation the currents required for the L3 and L4 positions are 0.39 A and 0.55 A respectively when the four switches are closed. Regarding the supply from the power stations in the L1 and L2 positions, 0.24 A and 0.32 A are supplied respectively, whose sum after applying the transformation ratio is the total current required of 0.94 A. On the other hand, when the L1 position switch is opened, all the current must be supplied by the power station in position L2. When it is closed again, in the transitory process it can be seen that the current in position L2 is the difference between that demanded by the load and that supplied by the power station in the other position.
Regarding the opening of the switch in position L3, it can be seen how the current demanded drops to 0.55 A ((0.15+0.18)· 220 / 132 ). Thus, the model developed for the simulation of an electrical substation using the Bond Graph technique may be considered as valid.
Conclusions.
Computer simulation is a basic tool since it leads to an understanding of how systems work without actually needing to see them.
It may be said that the Bond Graph technique is a simple and effective mathematical modelling technique that lets the model be understood without losing the physical sense of each of its components, no matter how complex it may be. Its methodology unified for different physical domains enables the electrical part to be joined to other parts of the systems that appear in engineering, such as, mechanics or hydraulics, it being unnecessary to change the simulation environment or computer application when machines need to be joined to mechanical shafts, pumps or turbines,…
In addition, as has been seen in this work, their hierarchical ordering lets large systems be easily modelled, such as substations or electrically operated devices by joining together simpler subsystems.
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